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Since national standing stocks of hardwoods will be rising in central Europe in the future, it is the declared 
political will to introduce these resources to a higher extent into the building sector. That is why since the 
turn of the century more and more funds for hardwood research have been made available. This research 
together with efforts made by private companies has led to a number of European and German technical 
approvals for hardwood glulam (oak, beech, sweet chestnut, beech LVL).  A further result was the inclusion 
of the hardwood species beech, oak, maple, ash and poplar into the European standard EN 1912, which 
allows the use of these hardwoods as solid wood product in construction. Nonetheless, a wide-spread use of 
these products cannot be witnessed at present. One goal of this dissertation was to identify reasons for this 
development. Next to market driven causes like a still sufficient availability of softwood and high prices of 
hardwood products, technological reasons (problems) regarding hardwood glulam and solid wood were 
identified. In the course of this dissertation, it was aimed to answer some of these technical questions, in 
order to work towards a more reliable and cost reduced (etc.) hardwood construction product. 
First, the market and standard situation was identified and put together. The subsequent research was 
designed to create answers to pressing questions connected to the work field of strength grading. Here, a 
raised improvement potential was seen. For the six European hardwood species oak, beech, ash, maple, lime 
and birch the distribution of sawn wood characteristics (of a typical, market available assortment) were 
determined and the timber availability examined, in order to evaluate the suitability of the species for a 
wider use in construction. For the species ash and maple, a yield analysis from round wood sections to sorted 
glulam lamellas was carried out, which pointed out the need for an improved sawing technique (incl. sawing 
pattern), a faster drying technology and optimized strength grading. When it comes to strength grading, the 
grain angle is highly correlated with the final tensile strength of the glulam lamella. According to experts 
on the field, it is not possible to determine the grain angle on hardwoods in a non-destructive way. In the 
course of this dissertation, it was proven that for five of the six above-mentioned hardwood species (except 
ash) it is possible to determine the grain angles by machine use. Also, in this field of work falls the topic 
“size effect”, which was examined for bending, tension and compression parallel to grain (for all six 
species). Mechanical properties in tension and compression testing perpendicular to grain were examined 
for ash, maple and beech construction timber. In addition, tension tests on glulam lamellas were carried out 
and the results correlated with the sorting results. These experiments revealed the unused potentials (in 
standard strength values) of some of the hardwoods, but also pointed out the difficulties in raising the final 





Die Laubholzvorräte werden in Mitteleuropa in Zukunft ansteigen und es ist erklärter politischer Wille, 
diese Ressourcen im Bauwesen stofflich zu nutzen. Seit der Jahrtausendwende wurden deshalb mehr und 
mehr öffentliche Mittel für die Laubholzforschung zur Verfügung gestellt. Diese Forschung hat zusammen 
mit Bemühungen privater Unternehmen zu einer Reihe von europäischen und deutschen technischen 
Zulassungen für Brettschichtholz aus Laubholz (Eiche, Buche, Edelkastanie, Buche Furnierschichtholz) 
geführt. Ein weiteres Ergebnis war die Aufnahme der Laubholzarten Buche, Eiche, Ahorn, Esche, Pappel 
und Edelkastanie in die europäische Norm EN 1912, die die Verwendung dieser Laubhölzer als Vollholz 
im Bau ermöglicht. Eine weit verbreitete Verwendung dieser Produkte ist derzeit jedoch nicht zu 
beobachten. Ein Ziel dieser Dissertation war es, die Produktions- und Wertschöpfungsketten von Laub-
Konstruktionsholz zu analysieren und Probleme bzw. Optimierungspotentiale entlang dieser zu 
identifizieren. Zunächst wurde hierfür die Markt- und Normensituation identifiziert und zusammengestellt. 
Ziel der im Anschluss durchgeführten Versuche war es drängende Fragestellungen in der Produktions- und 
Wertschöpfungskette von Laubholzprodukten für die konstruktive Anwendung zu beantworten. Besonderes 
Augenmerk wurde auf das Arbeitsfeld Festigkeitssortierung gelegt, da hier ein deutliches 
Optimierungspotenzial gesehen wurde. Für die sechs europäischen Laubholzarten Eiche, Buche, Esche, 
Ahorn, Linde und Birke wurde die Verteilung der Schnittholzmerkmale (eines marktüblichen Sortiments) 
ermittelt und die Holzverfügbarkeit untersucht, um die Eignung der Holzart für eine breitere Verwendung 
im Bauwesen zu bewerten. Für Esche und Ahorn wurde eine Ausbeuteanalyse vom Langholzabschnitt bis 
zur sortierten BSH-Lamelle durchgeführt. Diese Untersuchung verdeutlichte die Notwendigkeit einer 
verbesserten Sägetechnologie, einer schnelleren Trocknungstechnik und einer angepassten Sortierung. Ein 
wichtiges Schnittholz-Sortiermerkmal ist die sogenannte Faserneigung. Diese korreliert stark mit der 
Zugfestigkeit von BSH-Lamellen. Nach Ansicht von Experten auf dem Gebiet ist es nicht möglich den 
exakten Faserwinkel für Laubschnittholz zerstörungsfrei zu bestimmen. Im Rahmen dieses Projektes wurde 
nachgewiesen, dass es außer für Eschenholz für alle oben genannten Laubholzarten möglich ist, den 
Faserwinkel maschinell zu bestimmen. Abhängig von der Sortierung treten bei den Festigkeiten und 
Steifigkeiten der Holzbauteile Größeneffekte auf. Diese wurden für alle sechs oben genannten Holzarten im 
Biege-, Zug- und Druckversuch parallel zur Faser untersucht. Zusätzlich wurden im Druck- und Zugversuch 
quer zur Faser Festigkeiten, Steifigkeiten und Versagensmodi für Ahorn, Esche und Buche evaluiert. 
Weitere Materialkennwerte wurden in Zugversuchen parallel zur Faser an BSH-Lamellen ermittelt und 
diese mit visuellen und maschinellen Sortierergebnissen korreliert. Diese Experimente zeigten die zum Teil 
ungenutzten Potentiale bezüglich Festigkeiten und Steifigkeiten einiger Laubhölzer, aber auch die 






1.1 Building with wood 
The use of wood as building material goes back to the beginning of mankind. The more working respectively 
machining options were available, the more applications for wood were possible. Virtually any building 
structure can be constructed with wood. For centuries, wooden structures have been part of residential 
buildings and bridges. During the middle ages, mainly oak solid wood was used for framework constructions 
in central Europe. Architectural witnesses of these times still exist. In an impressing manner, these buildings 
prove the applicability of the material – regarding durability and strength properties. Before the invention 
of steel, wood was the only building material, which was able to carry high tension and bending loads. 
Along with the industrialization of the 19th century, the use of steel and later steel in combination with 
concrete forced wood out of many applications. With the invention of glulam in 1906 by Otto Hetzer, timber 
engineering gained new momentum (Lennartz and Jacob-Freitag 2016). The new, glued products were 
mainly produced form spruce and fir wood, since these trees were widely available and gluing and 
machining of these species is least complicated (Aicher 2014). In modern timber engineering, hardwoods 
like oak played nearly no role. It was only at the turn of the century, when the works of Glos and Näher 
(2005) as well as Glos and Lederer (2000) eased the use of oak as construction timber according to current 
harmonized European regulations. 
1.1.1 Product overview 
Present-day wood-based building products can be classified into the following groups (Table 1), whereby 
certain special products might fall in more than one of the listed groups. 
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Table 1: Wood-based building products. 
 Building product group Product examples 
Roundwood Poles 
Sawn wood (timber) products Solid wood (construction timber) 
Finger jointed solid wood (construction timber) 
Glulam (glued laminated timber) 
CLT (cross-laminated timber) 
Etc. 
Veneer-based products LVL (laminated veneer lumber) 
Plywood 
Particle-based products OSB (strands) 
Particleboard 
Insulation material (wood shavings) 
Scrimber 
Fiber-based products HDF 
MDF 
Insulation material (Paper and wood fiber insulation) 








According to Sathre and Gustavsson (2009), in the construction of German one and two family houses, 
wood only makes up 10 % of the consumed material volume. In other regions of the world, shares are higher. 
In Scandinavia this share is 80 - 85 % and in the USA even 90 - 94 %.  
1.1.2 Normative framework 







Figure 1: Normative framework (without years) of wood-based products for load bearing 
applications (as of January 2018). 
 
There is a so-called product standard for each wood-based product, which regulates the production of the 
building product. Here also product control and labelling are specified. It has to be distinguished between 
soft- and hardwoods. While for both soft- and hardwoods solid construction timber is produced in 
accordance with the harmonized European standard EN 14081-1 (2016), finger jointed construction timber 
can at present only be produced from softwoods (EN 15497 2014). For glulam, the harmonized European 
standard EN 14080 (2013) also only regulates the softwood product. At the moment, hardwood glulam can 
only be produced after technical building approvals (European and national). The European design standard 
Eurocode 5-1-1 (EN 1995-1-1 2010) gives planners respectively engineers and architects the rules for 
planning and calculating wooden, load bearing structures. The semi-probabilistic safety concept of the 
design standard ensures that during the erection phase and the intended period of use, the planned structure 







Product Softwood Hardwood 
Solid wood EN 14081-1 EN 14081-1 
Finger jointed 
solid wood 
EN 15497 Not possible 
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stiffness and density values are provided either by EN 338 (2016) for solid soft- and hardwood and finger 
jointed solid wood (only softwood) or by EN 14080 (2013) for softwood glulam. The values are put together 
to so-called “strength classes”. The EN 338 (2016) distinguishes between softwood strength classes, which 
are abbreviated with C for coniferous, and hardwood strength classes, which are abbreviated with D for 
deciduous. Poplar wood is assigned to C-classes, since its characteristics profile is similar to that of 
softwoods. Different wood species are assigned to different strength classes. Furthermore, since wood from 
the same species but different origin can be characterized by differences in elasto-mechanic properties, it 
can also be assigned to different strength classes. Also, different strength grading schemes of the same 
species can lead to different characteristics profiles. In many of the European countries over the time 
separate national visual strength grading standards have been developed, which fulfil the requirements of 
EN 14081-1 (2016) for visual strength grading. In Germany, for example, the DIN 4074-1 (2012) is the 
visual sorting (strength grading) standard for softwoods (S-classes) and DIN 4074-5 (2008) for hardwoods 
(LS-classes; poplar included). For species and origins, for which an extensive data set respectively long-term 
experience with their use is available, EN 1912 (2013) assigns national visual sorting classes to strength 
classes according to EN 338 (2016). EN 14081-1 (2016) gives requirements, which have to be fulfilled by 
machine strength grading systems, so that they can also be assigned to EN 338 (2016) strength classes. 
Strength, stiffness and density values for an allocation of a wood sample (set of specimens) to a strength 
class are to be determined according to EN 384 (2016). Here, general instructions are given on sample 
collection, test procedure and conditions as well as the calculation of “characteristic values”. For further test 
instructions (e.g. span length, test speed, length-width-height ratios, etc.) EN 384 (2016) refers to 
EN 408 (2012). Hardwood glued laminated timber (glulam) as well as softwood cross-laminated 
timber (CLT) are not regulated by harmonized European standards yet. They are produced according to 
national or European technical building approvals (ETA). Such approvals also include design specifications 
and values (strength, stiffness, density) as well as strength grading additions. 
1.2 Building with hardwood 
1.2.1 Hardwood resources – availability and use 
1.2.1.1 Europe 
National forest inventories give an overview of the forest resources potentially available for material or 
energetic use. The actual use of the resource wood is hard to quantify and published figures can only be 
seen as rough estimates (Sauter 2016). Data of felling or selling volumes and assortments have to be 
gathered from forest owners. Data from small, private-owned forests is often not available. Also fuel wood 
removals are often not listed in official statistics (FOREST EUROPE 2015).  
Kleinschmit (2012) analyzes Eurostat data and states that the EU 27 countries are covered by 176 million 
hectares of forest. 38 % of that area is covered with hardwood tree species. This share is very different for 
different European countries. While in Germany the share of hardwood cover is with 29 % low, it is high in 
France (63 %) and highest in Croatia and Hungary (over 80 %). Northern European countries are mainly 
stocked with softwood tree species. The further south the European country is located, the higher the 





Figure 2: Growing stock in selected European countries separated after hardwood and softwoods 
tree species (Isopp 2016, translasted). 
 
Separate statistics of the Food and Agriculture Organization of the United Nations (FAO) and the European 
Union (EU) show, how rough round wood production estimates are. The FAO gathers data on the 
Europe-wide round wood production. For its report of the year 2015 (FOREST EUROPE 2015), 
38 countries (60 % of total forest area) have reported their productions. According to the report, in 2010 
these countries removed in total 407 million m³ of round wood from their forests. Data on the share of hard- 
and softwoods are not part of the report. The European Union (2017) estimates a round wood production of 
the 28 EU member countries of 427 million m³ in 2010. The discrepancy between the estimated production 
of the 28 EU-countries with 427 million m³ and 38 European countries with 407 million m³ is clear.  
Nonetheless, according to European Union (2017), around 32 % of the produced round wood was hardwood. 
The produced sawn wood volume amounted for about one fourth of the round wood volume. Kollert and 
Lebedys (2012) estimate that in 43 European countries approximately 10 % of the total sawn wood 
production is hardwood. 
More robust data than FAO or European Union data, especially on the available hardwood resources for 
building applications, was gathered by the so-called “EU HARDWOODS project”, in which national forest 
inventories and felling statistics were reanalyzed (Sauter 2016). Here for the Central European countries 
Austria, France, Germany and Slovenia the available hardwood timber resources were quantified. 
Sauter (2016) summarizes that in the four analyzed countries the availability of only the main hardwood 
species beech and oak account for 2.2 billion m³ (standing stock). For comparison, the standing stock of 
spruce and pine for Germany and France is indicated with 2.7 billion m³. The majority of hardwoods show 
constant or even increasing standing stocks. For the hardwood species ash, though, the standing stock is 
expected to decline due to the ash dieback disease. Accordingly, the harvest volumes are expected to rise in 
the near future. 
Despite national differences, the majority of publications on the matter stress the divergence between a high 
and constantly rising availability of the resource hardwood and its utilization – especially the desired 


















































































































figures show that the utilization and here especially the material utilization of softwoods is predominant. In 
Switzerland, for example, in 2008 hardwoods made up about 29 % of the total raw wood use. The share of 
hardwoods in the Swiss sawn wood and veneer production was only 11 % (Krackler et al. 2010). In France, 
this share was with 17 % higher, but still low compared to a hardwood forest cover of 63 % of the total 
forest area (Kleinschmit 2012). In Germany, the hardwood share in the total sawn wood (and veneer) volume 
was with approximately 4 % vanishingly small (Weimar and Seintsch 2012). 
1.2.1.2 Germany 
The Third German National Forest Inventory revealed that the total forest area of 11,419,124 hectares covers 
32 % of the national territory. 43 % of the forest area is stocked with hardwoods. This implies an increase 
of 7 % in ten years (2002 - 2012) compared to the Second German National Forest Inventory. The softwood 
share went down approximately 4 % in the same period (Federal Ministry of Food and Agriculture 2014). 
This development is due to forest-political decisions, which favor a hardwood-oriented shift in forest 
structure respectively silvicultural practice (Seintsch and Rosenkranz 2014). In the inventory, the 
broadleaved tree species are sorted into four so-called “tree species groups“, for which also the stocked 
forest area (in hectares) and the growing stock is given (Federal Ministry of Food and Agriculture 2014). 
Table 2 summarizes the inventory results. 
 
Table 2: Selected results from the Third German National Forest Inventory (Federal Ministry of Food 
and Agriculture 2014). 
Species group 
  Stocked forest land  Growing stock 
 [hectares] [% of total]  [1000 m³] [% of total] 
Oak  1,129,706 10.38  361,231 9.86 
Beech  1,680,072 15.43  635,257 17.34 
ALH*  769,578 7.07  204,369 5.58 
ALN**  1,147,904 10.54  219,712 6.00 
Sum of broadleaved tree species  4,727,260 43.42  1,420,570 38.78 
Total (conifers and broadleaved)  10,887,990 100.00  3,662,972 100.00 
*ALH = other broadleaved tree species with a long lifetime (maple, ash, chestnut, lime, Sorbus aria, Sorbus domestica, black 
locust, elm); **ALN = other broadleaved tree species with a short lifetime (birch, Surbus torminalis, Sorbus aucuparia, alder, 
poplar, Prunus spp., willow, wild fruit trees) 
 
For all four hardwood species groups, the forest area grew compared to the Second German National Forest 
Inventory. With 39 % of the total growing stock hardwoods respectively broadleaved tree species make up 
a considerable share of the total volume. Beech is the most common hardwood species in German forests, 
followed by oak. In the species groups ALH and ALN the inventory does not distinguish between the 
different hardwood species. These species do not occur in pure stands but are mixed in – mostly into beech 
stands. The so-called WEHAM prediction groups beech, ALH and ALN into one group and states that here 




Agriculture 2016). Sauter (2016) reanalyzed the current inventory data and also gives growing stock figures 
for the species ash (74,700 m³) and sweet chestnut (3,500 m³). 
The WEHAM prediction (base scenario) of standing stocks estimates that in the next 35 years the standing 
stock of hardwoods will rise, due to unused potentials (Weimar and Seintsch 2012). Especially in the species 
groups ALH, ALN and oak the resource potentials are not exploited (37 %, 35 % and 44 %). The present 
beech harvests utilize approximately 74 % of the predicted WEHAM potential. A rise of the hardwood use 
is not expected. That is why these species are seen as alternative for a use in construction as substitution 
material for softwood (mainly spruce). 
In 2011, only 25 % of the total German raw wood use comprised hardwood (Weimar and Seintsch 2012). 
The majority (approximately 80 %) of the harvested hardwood was used for energy production. While the 
total hardwood consumption increased from 2002 to 2010, the material use of the resource went down 
drastically. While in 2002 hardwoods still made up 15 % of the total German wood material use, in 2010 
this value dropped to 8.5 %. It is the declared political will of German as well as other Central European 
countries´ authorities to raise the material utilization of the national hardwood resources (Austrian Federal 
Environment Agency 2014; German Federal Ministry of Food and Agriculture 2017; Swiss Federal 
Department of Environment 2017). 
1.2.2 Available hardwood products 
Mantau et al. (2013) estimate that in German house building structures only 12.6 % of the total wood 
consumption comprises native hardwoods. As Figure 3 proves, in load bearing structures (exterior and 
interior walls, roof and ceiling) hardwoods play a negligible role. Only in floorings high volumes of 
hardwoods are being used. Also, staircases are mainly constructed from hardwoods. 
  
 
Figure 3: Hard- and softwood (plus tropical wood) distributions and volumes in German building 
structures separated after trade respectively building part (Mantau et al. 2013, translated). 

























Other wooden buildings like bridges are almost entirely construction with spruce solid construction timber 
or glulam. The following sections list the hardwood products at present (potentially) available on the market 
for load bearing applications.  
1.2.2.1 Solid wood 
In general, the European timber construction standard or Eurocode 5 (EN 1995-1-1 2010) allows the 
utilization of solid hardwood as load bearing element in construction. This structural timber has to be sorted 
respectively strength graded visually or with a machine system in accordance with EN 14081-1 (2016). The 
characteristic strength, stiffness and density values have to be in line with one EN 338 (2016) strength class 
value set for strength, stiffness and density. These values have to be calculated after EN 384 (2016). For 
some hardwood species, intensive testing respectively the assignment of national visual strength grading 
classes to EN 338 (2016) strength classes has already been carried out. EN 1912 (2013) lists these 




Table 3: Visual sorting class to strength class assignments for European hardwood structural timber 
listed in EN 1912 (2013) and two CEN TC124/WG2/TG1 APPROVED GRADING REPORTs (* and 
***). 




Gemany LS10 or higher  (DIN 4074-5 2008, German) D40 
Beech Fagus sylvatica Germany LS13 
(DIN 4074-5 2008, German) 
D40 
   LS10 or higher D35 











Germany LS10 or higher (DIN 4074-5 2008, German) D30 
Oak Quercus 
petraea 
Germany LS10 (DIN 4074-5 2008, German) D30 
 Quercus robur    
Poplar Populus spp. France** ST-II 
(NF B 52-001 2011, French) 
C24 
   ST-III C18 
 Populus nigra Germany LS13 
LS10 or higher 







Italy S (UNI 11035-1/-2 2010, Italian) D24 
  France*** ST-II 
(NF B 52-001 2011, French) 
C24 
   ST-III C18 
* CEN TC124/WG2/TG1 APPROVED GRADING REPORT No AGR/6/FR/119 from September 2017 (TG1 2017a). 
** The assignments only apply to certain poplar clones (EN 1912 2013). 
*** CEN TC124/WG2/TG1 APPROVED GRADING REPORT No AGR/7/FR/79 from September 2017 (TG1 2017b). 
 
 
In Germany, hardwoods are visually strength graded after DIN 4074-5 (2008). Accordingly, in Europe the 
following German hardwood species can be used as construction timber, after they have been strength 








For these species, the planner can use the data set of characteristic values provided by EN 338 (2016). Other 
European hardwoods like sweet chestnut from Italy and poplar from France are also listed in 
EN 1912 (2013). For these species, other national visual strength grading standards have to be applied, 
though. For Italian sweet chestnut the Italian standard is used, for French poplar the French standard.  
The structural timber (solid wood) sorting to strength classes assignments of EN 1912 are optimized for 
structural timber carrying edge bending loads (Glos and Torno 2008). It is also possible to optimize visual 
or machine strength grading for a special use (EN 14081-1 2016). For a use as top or bottom plate in house 
framing, for example, the sorting can be optimized after perpendicular to grain compression strength. For 
softwood, the present EN 338 (2016) already gives CT (i.e. conifer tension) classes, for sorting that is 
optimized for parallel to grain tension loading (for use in glulam). This procedure can result in a considerable 
yield raise, since safety deductions are avoided. 
Also, so-called “CEN TC124/WG2/TG1 APPROVED GRADING REPORTs” allow for a species from a 
defined origin to be used as structural timber. At present such grading reports exist for the European 
hardwoods French beech and French sweet chestnut (Table 3). These hardwoods are also visually graded. 
To the knowledge of the author, machine strength grading settings, which are defined in a so-called 
ITT-report, only exist for sweet chestnut at present. The release of these reports is not obligatory. Thus, 
reports for other European hardwoods might exist, but are kept under lock and key. 
In Europe none of the above mentioned native hardwood species are used intensively as load bearing 
structures, e.g. as joists, rafters, studs or plates. Some European carpentries (e.g. Tajak Holzbau, DLK Melle, 
etc.) still construct traditional framework houses out of oak solid wood or use the product for the restoration 
of old structures. Here, only minor hardwood volumes are consumed. Exact production or consumption 
volumes are not known. 
1.2.2.2 Glulam 
Hardwood glulam can at present not be produced after the harmonized EN 14080 (2013), like softwood 
glulam. To produce hardwood equivalents, national technical approvals (in Germany “abZ” for “Allgemeine 
bauaufsichtliche Zulassung”) as well as European Technical Assessments (ETAs) on the basis of 
EADs (European Assessment Documents) are alternative routes for manufacturers. Table 4 lists the 





Table 4: European hardwood glulam products with a valid technical building approval 
(Aicher 2016a, adapted). 
Species Origin Approval Holder of Approval 
Beech Germany Z-9.1-679 (DIBt 2014a) Studiengemeinschaft Holzleimbau e.V., 
Germany 
Oak France ETA 13/0642 (OiB 2013c) Elaborados y Fabricados Gamiz S.A., Spain 
 Germany & 
Czech Republic 
Z-9.1-821 (DIBt 2013b) Holz Schiller GmbH, Germany 
Sweet Chestnut Spain ETA 13/0646 (OiB 2013b) SIEROLAM S.A., Spain 
Beech LVL (‘BauBuche’) Germany Z-9.1-837 (DIBt 2013a) 
ETA 14/0354 (OiB 2015) 




Except of beech LVL glulam (‘BauBuche’), all products listed in Table 4 are classical glulams comprised 
of boards/lamellas. For the beech LVL glulam, laminated veneer lumber (LVL) panels are ripped and glued 
to a glulam equivalent with superior mechanical properties. The company ‘Hasslacher Norica 
Timber’ (Austria) is at present working towards ETAs (European Technical Assessments) for both birch 
glulam and birch CLT (cross-laminated timber). The origin of the logs is in both cases Russia (Jeitler 2016). 
The company ‘NOKA’ (Germany) is at present preparing a DoP (Declaration of Performance) for curved 
oak glulam of German origin (Norrenbrock 2017). 
1.2.2.3 Other products 
The production of finger jointed solid hardwood (construction timber) is not possible under the current 
harmonized European system. National or European approvals do not exist either. Consequently, no 
volumes are available on the market. 
The producer of glulam made from beech LVL (‘Pollmeier Furnierwerkstoffe GmbH’, Germany) is also the 
holder of the German technical approval Z-9.1-838 (DIBt 2016) – beech LVL panels (without and with 
transverse veneer layers) for structural applications. This product is also the base product for beech LVL 
glulam (‘BauBuche’).  
The harmonized European standards EN 636 (2015) and EN 13986 (2015) allow the production of plywood 
for structural applications from hardwoods. Approvals for such plywood panels are held by the companies 
‘Hess & Co. AG’ (Switzerland) for beech plywood (DIBt 2013c) and by ‘Metsäliitto Cooperative Metsä 
Wood’ (Finland) for birch plywood (DIBt 2014b). According to Aicher (2014) ‘Welde Bulgaria 
AD’ (Bulgaria) drew up a DoP (Declaration of Performance) for poplar plywood. All these products are 
available on the market and can be used, for example, as paneling in house framing. The latter is – covered 
with special water-repelling resin paper – mostly used as shuttering (for building reinforced concrete forms) 
in the building industry. 
For the same industry, the company ‘Doka Group’ (Austria) holds an ETA (European Technical 
Assessment) for the highly specialized timber formwork beam ‘I tec 20’. This I-joist is comprised of the 
above-mentioned ‘Welde Bulgaria AD’ poplar plywood web (Aicher 2016b) and flanges consisting of glued 




The ‘Consorzio Servizi Legno Sughero’ (Italy) holds the ETA-12/0540 (OiB 2013a), which allows it to 
produce and market square-edged sweet chestnut logs with wane as durable strength graded structural 
timber. 
Aicher (2014, 2016a, 2016b) as well as Torno et al. (2017) summarize the available hardwood products and 
the current standard situation concerning the load bearing application of hardwoods in Europe. 
1.2.3 Research activities 
All of the above listed products have been subject to intensive testing. As consequence, they can be produced 
according to a harmonized European standard or a national or European technical building approval. 
Company-driven studies are product-oriented. Some of these research activities have been carried out 
together with independent research institutions. These independent research institutions also perform 
autonomous research aiming for building application of hardwoods. In the last 15 years, these research 
activities became abundant. The document Steiger et al. (2014) summarizes the research conducted on 
beech glulam until the year 2014.  Wehrmann and Torno (2015) list the research conducted mainly on sawn 
hardwood products (solid wood, finger jointed solid wood, glulam and CLT). It becomes clear that in most 
cases these past research activities were not coordinated between the different institutions. It is also obvious 
that the scientific problems, which are to be addressed along the production chain, are numerous. 
1.3 Strength grading of hardwood 
Strength grading of boards is a key part of the production chain of glulam but also CLT, structural timber 
and finger jointed structural timber. Glos and Lederer (2000) proposed visual grading rules, which led to 
the establishment of the first German visual strength grading standard for European hardwoods DIN 4074-5 
in the year 2003. Their work and the work of Glos and Näher (2005) led to the integration of the German 
hardwood species oak and beech into EN 1912 (2013). The species poplar, ash and maple followed on the 
basis of the work of Glos and Torno (2008). French poplar (Populus spp.) and Italian sweet 
chestnut (Castanea sativa) are now also part of the EN 1912 (2013) list of hardwood species. Furthermore, 
it is possible to strength grade French beech and French sweet chestnut visually in accordance with the 
French visual strength grading standard NF B 52-001-1 (2011) due to so-called APPROVED GRADING 
REPORTs. Machine strength grading for European hardwoods is possible for sweet chestnut from Italy 
based on an ITT report for a ‘Microtec’ (Italy) machine. This report is not publicly available. Other reports 
for hardwoods, which are kept under lock and key, might also exist. 
1.3.1 Sorting timber 
Natural products are often characterized by a limited possibility to influence their characteristics during the 
production process. That is why the final products have to be sorted in order to ensure certain desired 
characteristics. When sorting timber, it is important to consider the end use of the timber product. 
Augustin (2004) identifies three different end uses, after which sawn timber can be sorted: 
(A) Load bearing capacity (e.g. strength grading for construction use), 
(B) Appearance (e.g. color for kitchen cabinet fronts), 




Timber with a defined load bearing capacity (A) previously underwent so-called strength grading. The 
harmonized European standard EN 14081-1 (2016) is the basis for this strength grading. An example for 
sorting after appearance (B) are the sorting rules of the US-American National Hardwood Lumber 
Association (2007). These rules are applied (adapted) by the biggest German hardwood processor 
‘Pollmeier Massivholz GmbH & Co. KG’ for sorting beech timber for various applications. A European 
standard for sorting hardwood after appearance is the EN 975-1 (2011). A special application (C) is the use 
of softwood for profiled boards, for which the EN 14519 (2006) gives specifications. The characteristics 
that need to be determined, can in all three cases (A, B, C) be the same (one or more). It is the goal of each 
sorting process to divide an original set of elements (e.g. boards) into sub-sets, which are characterized by 
a homogenization of one or more defined characteristics. 
1.3.2 Direct and indirect sorting 
Timber can be subject to direct or indirect sorting. In direct sorting the measured value is also the target 
value. An example for direct sorting is the sorting of beech boards for kitchen cabinet fronts into boards 
with and without red-heart. The tensile strength of a glulam board can only be determined in a destructive 
way. In order to gain information about the tensile strength of a glulam board without destructively testing 
it, a correlation model is applied. Wood characteristics that can be determined in a non-destructive way 
(“NDT” for “non-destructive testing”) and that also have an influence on the tensile strength are numerous 
(MOEdyn, MOEstat, knot parameters, density, year ring width, etc.). They are called indicating properties or 
IPs (Hanhijärvi and Ranta-Maunus 2008; Ridley-Ellis et al. 2016). By using one of these parameters (model 
value) in a rather simple linear model or by combining more than one parameter to a complex model, the 
target value (in this case tensile strength) is described.  The correlation of the model and the target value 
can be evaluated through statistical correlation analysis and is described by the correlation coefficient R or 
the coefficient of determination R² (Sachs 1982). Typically, they are described with the R² value, which can 
range for the description of the tensile strength of spruce wood from 0.30 to 0.78 – depending on the 
model (Augustin 2004). The higher the R² value is, the better the indirect sorting works. Augustin (2004) 
explains the theory of sorting timber in depth and gives illustrative examples. 
1.3.3 Strength grading 
The goal of strength grading is to divide an original set of boards through sorting into sub-sets. The generated 
sub-sets are characterized by differing frequency distributions of single board strength values. Figure 4 
visualizes this process for the tensile strength (ft,0) of spruce boards. The original set of values is divided 
into three sub-sets (a,b,c) with a clear gradation of characteristic strength values (ft,0,k). This leads to a better 





Figure 4: Frequency distributions of original set of elements (overarching line) devided into three 
subsets (a,b,c) with graduated characteristic tensile strength values (Glos 1995). 
 
For each wood-based product for construction purposes, a product standard exists, which defines the 
product, its production and its labeling (Figure 1). These standards can be (in most cases harmonized) 
European standards (EN), national standards (e.g. DIN) and national (e.g. abZ) or European technical 
approvals (ETA). The Eurocode 5 (EN 1995-1-1 2010) gives planers and engineers instructions, how to 
design a building with timber. The strength, stiffness and density values for calculating the construction are 
to be retrieved from EN 338 (2016) for construction timber. For softwood glulam beams, the calculation 
values are provided by the EN 14080 (2013). For the market available hardwood glulam, the values are part 
of the national or European technical approvals (abZ or ETA). Cross laminated timber (CLT, only softwood) 
is also produced after technical approvals (abZ or ETA), where the calculation values are also found 
(Studiengemeinschaft Holzleimbau e.V. and Überwachungsgemeinschaft Konstruktionsvollholz 
e.V. 2017). 
Each strength class (from EN 14080 2013; EN 338 2016 or technical approvals) has a set of characteristic 
values. In a production facility, solid wood respectively each lamella for glulam or CLT has to be strength 
graded in order to be assigned to a strength class. This strength grading can happen visually, with a machine 
and via a combination of both. EN 14081-1 (2016) gives requirements a national visual strength grading 
standard has to fulfill. These national standards give explicit grading rules. EN 14081-1 (2016) also gives 
requirements for machine strength grading and refers to EN 14081-2 (2013) and EN 14081-3 (2012) for 
further specifications for machine strength grading. Regardless of the strength grading technique, the tested 
“sample” (a sorted batch) has to show characteristic (bending or tensile) strength and stiffness (plus density) 
values that are equal or higher the values of the strength class. This can be proved by testing the wood 
destructively in compliance with EN 408 (2012) and EN 384 (2016). How exactly this has to be carried out 
by a producer, EN 14081-1 (2016) specifies. It is stated that initial testing of the sorting scheme has to be 
carried out and that a constant in-house production control has to be installed. Ridley-Ellis et al. (2016) state 




between structural engineers and timber researchers. The aforementioned publication as well as 
Augustin (2004) and Stapel (2014) give comprehensive explanations of the topic.  
EN 14081-1 (2016) is the harmonized European standard, which sets the basis for strength grading in 
Europe. It defines requirements, national visual strength grading standards have to comply with and 
mentions EN 1912 (2013), in which national visual strength grading assortments (grade and species) are 
already assigned to EN 338 (2016) strength classes (due to former extensive testing or many years of 
experience in use). It also sets rules for machine strength grading and refers to part 2 and 3 of 
EN 14081 (2012; 2013) for further rules for machine strength grading.  
For the efficiency of strength grading, it is important to know about the end use of the graded timber. General 
construction timber (solid wood or finger jointed solid wood) typically experiences bending stress (as joist 
or rafter). Thus, its strength grading is based on data from edge bending tests (C- and D-grades of 
EN 338 2016). The knowledge about that timber is therefore limited to knowledge about bending strength, 
bending stiffness and density. Values for other properties (e.g. tension strength, etc.) are conservatively 
estimated. When using a lamella for glulam, its tension properties are more important than its bending 
properties for the final glulam strength. Hence, its sorting is based on tension testing (T-grades of 
EN 338 2016). Equivalently, the bending properties are conservatively estimated. It is possible to utilize a 
tension graded board in an upright position under bending load, but in this way it is not used to its full static 
potential (Ridley-Ellis et al. 2016). 
1.3.3.1 Visual strength grading 
In visual strength grading, especially trained personnel assigns each piece of wood to a sorting class based 
on visual evaluation. In German production sites, for softwood the DIN 4074-1 (2012) is applied and for 
hardwood the DIN 4074-5 (2008), since these two standards fulfill the requirements set by the 
aforementioned EN 14081-1 (2016). The sorting criteria (wood characteristics) listed in these two standards 
are nearly identical. Both standards depict, how the criteria are measured. Table 5 shows the criteria and the 
threshold values for the three hardwood sorting classes LS7, LS10 and LS13 of DIN 4074-5 (2008) for 
boards or planks (e.g. for glulam) that are not stressed in an upright position. In addition to this table, in 
both standards “other characteristics” are mentioned (e.g. mechanical damage, inbark, etc.). LS13 is the 
highest strength grading class, which allows the least amount of wood characteristics in the boards. If one 
sorting criterion of a board does not pass the threshold value of the lowest class LS7, this board must be 




Table 5: Sorting criteria of Table 3 of DIN 4074-5 (2008) for hardwood boards and planks 
(translated). 
 
Sorting criteria Sorting classes 
LS7 LS10 LS13 
1. Knots    
- Single knot (DEB) ≤ 1/2 ≤ 1/3 ≤ 1/5 
- Knot cluster (DAB) ≤ 2/3 ≤ 1/2 ≤ 1/3 
- Edge knot a - ≤ 2/3 ≤ 1/3 
2. Slope of grain b ≤ 16 % ≤ 12 % ≤ 7 % 
3. Pith not allowed c not allowed not allowed 
4. Annual ring width - - - 
5. Shake    
- Shrinkage crack allowed allowed allowed 
- Frost crack, ring shake not allowed not allowed not allowed 
6. Wane ≤ 1/3 ≤ 1/4 ≤ 1/8 
7. Warp d    
- Bow ≤ 12 mm ≤ 8 mm ≤ 8 mm 
- Twist 2 mm / 25 mm width 1 mm / 25 mm width 1 mm / 25 mm width 
- Cup ≤ 1/20 ≤ 1/30 ≤ 1/50 
8. Stains, rot    
- Nailable brown and red 
stains and streaks 
≤ 3/5 ≤ 2/5 ≤ 1/5 
- Rot not allowed not allowed not allowed 
9. Worm holes not allowed 
10. Other characteristics are to be taken into account following the other sorting criteria 
a not applicable for glulam boards 
b not to be considered for beech 
c allowed for oak 
d these characteristics are not to be considered in wet sorted sawn timber 
 
DIN 4074-1 (2012) provides the same table for softwood strength grading. The majority of the grading is 
the same. Some details of that table are different, though: 
- For hardwoods, the annual ring width is not a sorting criterion, while for softwoods it is.  
- The criterion wane is being evaluated stricter in hardwoods.  
- For softwood, only specific degrees of compression wood are allowed. For hardwood, tension wood 
is not part of the list.  
- Worm holes are not allowed in hardwood boards, whereas in softwood 2 mm holes are still allowed.  
For some hardwood species, exceptions were introduced (Table 5, footnotes), like the fact that for beech the 




of the slope of grain for the finger joint strength of beech glulam lamellas. This sorting criterion has to be 
seen critically, when sorting visually. In fact, a series of authors has articulated serious doubt in the described 
method to determine the slope of grain visually (Glos and Lederer 2000; Schickhofer and Augustin 2001; 
Augustin 2004; Glos and Torno 2008; Torno and Van de Kuilen 2010). For softwood, a machine system for 
determining slope of grain has been developed and proven – the tracheid effect. This system is at present 
not applicable for hardwoods (Van de Kuilen and Torno 2014). Paper d of this dissertation shows that 
available machine systems are able to determine the slope of grain for most of the studied hardwood species. 
As this brief digression already shows, the characteristics (soring criteria) of the visual sorting can also be 
part of a machine sorting system (e.g. knot size, slope of grain, pith, etc.). 
Intensive research in the past led to the assignment of national sorting classes for strength grading to the 
strength classes of the EN 338 (2016). This means that it has been proven by testing big data sets that the 
characteristic strength, stiffness and density values of the graded wood set (certain species from certain 
origins) are at least as high as the values stated by EN 338 (2016). The report of such research has to be 
submitted to the European Committee for Standardization (CEN) committee TC124/WG2/TG1 for 
examination. After successful examination, the assignments can be found in the European standard 
EN 1912 (2013) or an approved grading report (like TG1 2017a). Table 6 shows the assignments for the 
most used species spruce (in construction) and for the hardwood species of German origin. 
 
Table 6: Sorting class to (edge bending) strength class assignments of EN 1912 (2013) for 
construction timber of German origin. 
  Strength classes (EN 338) 
Softwood C18 C22 C24 C27 C30 C35 C40 
Hardwood     D30 D35 D40 
 Sorting classes 
(according to DIN 4074-1 and DIN 4074-5) 
Spruce S7  S10  S13   
Poplar  ≥LS10  LS13    
Beech      ≥LS10 LS13 
Oak     LS10   
Ash       ≥LS10 
Maple     ≥LS10   
 
 
The poplar (Populus nigra of German origin) characteristics profile is similar to that of softwoods. 
Therefore, it is sorted according to the hardwood sorting rules (DIN 4074-5 2008), but is assigned to the 
softwood strength classes C22 and C27. 
1.3.3.2 Machine strength grading 
Strength grading machines, that perform a static bending test, were first introduced in the 1960s in the USA 
(Bendtsen and Youngs 1981; Galligan and McDonald 2000). Since then machine grading has evolved. 
Especially since computers were able to process big sets of data very fast, the way was free for the 
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incorporation of new methods into strength grading. Today’s sorting machines make use of modern 
CCD-camera systems to capture visual sorting criteria (“automated visual sorting”). They also utilize X-ray 
scanning, natural frequency and ultrasonic transit time measurements (MOEdyn). Like mentioned above, the 
tracheid effect is being applied to determine the slope of grain. Some machines on the market still bend the 
boards statically to determine the static MOE (MOEstat). Boards are weighted with scales to determine their 
density and moisture contents are being determined via electrical field strength measurements (Bacher 2008; 
Hanhijärvi and Ranta-Maunus 2008; Bengtsson 2010; Krzosek and Bacher 2011; Stapel 2014). New 
developments also include microwave measurements (Denzler and Weidenhiller 2015). Augustin (2004) 
summarizes the technologies applicable for machine sorting of sawn timber. 
All technologies utilized to predict timber properties (i.e. strength, stiffness and density) have in common 
that they are non-destructive (“NDT” for “non-destructive testing”). So-called IPs (indicating properties) 
are used to forecast the grade determining properties. Thus, strength grading is in most cases an example of 
indirect sorting. As described above, an IP can be made up of only one or a combination of non-destructive 
testing (NDT) parameters (Hanhijärvi and Ranta-Maunus 2008; EN 14081-2 2013; Ridley-Ellis et al. 2016). 
EN 14081- all parts (2012; 2013; 2016) generally distinguish between two different machine strength 
grading systems that both can make use of the above-mentioned IPs: 
(A) Output control, which means that parts of the sorted timber have to be tested and consequently the 
machine settings are adjusted in the production facility. This happens periodically. 
(B) Machine control systems rely on default settings of sorting machines, which are the result of 
intensive destructive testing. 
Both systems have their intrinsic advantages, which are described by EN 14081-2 (2013). They have in 
common that a so-called “visual override” is obligatory for detecting strength reducing defects, which 
cannot be detected by the machine (Bacher 2008; EN 14081-1 2016; Ridley-Ellis et al. 2016). Trained 
personnel or a machine system (e.g. CCD-cameras) can carry out this “visual override”. 
It is also possible to combine visual and machine strength grading. The sorting of beech boards according 
to the German technical approval for beech glulam (DIBt 2014a) is an example of such a combination. Here 
the boards are sorted according to DIN 4074-5 (2008) and additionally MOEdyn (dynamic Modulus of 
Elasticity) threshold values have to be met. The MOEdyn is being measured by determining the natural 
frequency from longitudinal oscillation and by determining the density. Machines carry out both 
measurements. 
1.3.4 Mechanical properties 
Compared to softwood, the different European hardwood species show stronger differences in their 
characteristic´s profiles (Welling 2012). The mechanical properties of structural timber depend on a series 
of factors, which are summarized by Glos (1978). Silvicultural practice as well as soil and climate influence 
wood characteristics. Tree intrinsic factors like genetics, position in tree, age or life story (i.e. top rupture 
etc.) also influence mechanical properties. Amongst others, these factors lead to a certain structure of the 
wood tissue, which can be described on a microscopic or a macroscopic level. By strength grading, the wood 
is sorted on the macroscopic level. As described above, sorting depends greatly on the end use of the product. 
The semi-probabilistic safety concept behind the harmonized European design standard 
Eurocode 5 (EN 1995-1-1 2010) reduces characteristic strength and stiffness of EN 338 (2016) by applying 




here also deduction factors reflecting statistical uncertainties already reduced the values. To the knowledge 
of the author, only one European research project so far evaluated all mechanical properties listed in Table 1 
of EN 338 for hardwoods. Hunger and Van de Kuilen (2015) tested beech and ash construction timber and 
give suggestions for value changes of EN 338 (2010) design values. Other projects only cover single 
elements of the strength profile depending on the end use. For beech, oak, ash, maple and poplar, data 
derived from four-point edge bending tests is available (Glos and Lederer 2000; Glos and Näher 2005; Glos 
and Torno 2008). For beech, oak, ash and birch tension testing of lamellas for an application in glulam 
supplied useful data (Frühwald et al. 2003; Frühwald and Schickhofer 2005; Jeitler and Augustin 2016; and 
others). Such research leads to a species-specific optimization of design values and aims for a raised yield. 
For example, perpendicular to grain compression strength design values for medium dense European 





As explained above, in central Europe hardwoods are hardly used in load bearing applications. It is the goal 
of this dissertation to (A) identify the underlying reasons and to (B) contribute to knowledge increase to 
work towards a greater integration of hardwoods into the building sector. 
 
(A) The identification of the underlying reasons for the marginal use of hardwoods in building construction 
was realized within the last years with qualitative methods: 
 
a. Literature study 
b. Personal interviews (forestry officials, sawmill owners, construction timber producers, machine 
suppliers, scientists, politicians, etc.) 
c. Conference attendance (presenter and listener) 
 
(B) The scientific papers listed in this dissertation aim to contribute to an overall increase in knowledge 
about selected aspects along the production and utilization chain of hardwood construction timber (and 
glulam). The focus of these studies is set on strength grading and the related strength 
characteristics (amongst others) of European hardwoods, for which – compared to softwoods – the 
knowledge is scarce. The following paragraphs define the objectives and summarize the background of 
each scientific paper, which evolved in the course of this dissertation. Complete papers are annexed. 
 
a. Visual and machine strength grading characteristics of six European hardwoods 
This paper aims to characterize boards (lamellas) of six native hardwood species (ash, beech, birch, maple, 
oak, lime) originating from low to medium quality and low to medium dimension logs via visual (according 
to DIN 4074-5 2008) and machine (MOEdyn and density) strength grading.  The six hardwood species were 
selected due to their availability in northern Germany and their promising wood characteristics in relation 
to construction use. By analyzing the sourced material, the following questions were to be answered: 
1. When using market available, low to medium quality sawn hardwood timber assortments, what is 
the quality yield when graded visually according to DIN 4074-5 (2008)? 
2. Are all visual sorting parameters named by the DIN 4074-5 (2008) attainable for the selected 
hardwoods? 




b. Analysis of economic feasibility of ash and maple lamella production for glued laminated 
timber 
This paper links the aspects strength grading and final volume and value (grade) yield. The use of small 
diameter logs from thinnings as poor-quality resource is in focus of this yield analysis. The yield analysis 




technology. Moreover, the achieved yields are linked to the mechanical properties relevant for glulam 
lamellas and measured for the investigated samples. Doing so, the economic feasibility of lamella 
production out of small diameter logs of the rare hardwood species maple and ash is estimated. 
 
c. Visual and machine strength grading of European ash and maple for glulam application 
Medium dense hardwoods show higher tensile strength values compared to softwoods. These advantages 
cannot be utilized effectively as the grading of hardwoods is less developed. The aim of the study is to 
analyze the optimization potential of grading European ash and maple grown in Central Europe and develop 
optimized grading schemes. Therefore, for 869 hardwood boards, the visual grading characteristics were 
determined and the dynamic Modulus of Elasticity (MOEdyn) and x-ray attenuation were measured using an 
industrial scanner. Afterwards, the specimens were tested in tension in accordance with EN 408 (2010).  
 
d. Comparison of three systems for automatic grain angle determination on European 
hardwood for construction use 
Automatic grain angle determination on construction timber by means of the tracheid effect is a widely used 
tool to inspect softwood construction timber in the industry. Together with parameters like dynamic 
Modulus of Elasticity (MOEdyn), density and others, strength grading is carried out (Olsson et al. 2013). So 
far, for hardwoods such grading systems are not in use. This is on the one hand due to the comparably low 
use of hardwood in construction and consequently low research efforts in this field. On the other hand, 
literature reports a limited functionality of the tracheid effect on hardwoods. Therefore, it is the goal of this 
paper to evaluate the laser tracheid effect used in the industry for softwood concerning its suitability for 
grain angle determination on European hardwood timber. As alternative systems, the electrical field strength 
measurement and microwave scanning are tested. The machine measurements are compared to visually 
determined grain angles on physically split specimens (reference angles).  
 
e. Effect of size and geometry on strength values and MOE of selected hardwood species 
The strength and stiffness properties of a wood member depend on its size and quality (occurrence of 
defects) – so do the strength and stiffness values of test specimens. This paper aims to provide strength and 
stiffness values derived from defect-free specimens of different sizes and examines the so-called size effect 
for the selected hardwoods maple, birch, beech, ash, oak and lime. Compression, bending and tensile 
tests (all parallel to grain) were carried out. The six hardwood species were selected due to their availability 
in northern Germany and their promising wood characteristics in relation to construction use.  
 
f. Critical discussion of perpendicular to grain tension testing of structural timber – case 
study on the European hardwoods ash, beech and maple 
Independent from the sorting class, EN 338 (2016) assigns only one characteristic value for perpendicular 
to grain tension strength to hardwood structural timber – 0.6 N/mm². This value is set very low and therefore 
prevents the calculating engineer to make use of the strength advantage of single hardwood species 
compared to softwood. This is mainly due to the limited data available on the characteristics strength and 
stiffness perpendicular to grain as well as knowledge about the dependency of these characteristics from 
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moisture changes and other influencing factors. This paper contributes to the overall goal of supplying data 
for an increased use of hardwood in construction. It provides perpendicular to grain tension strength and 
stiffness values separated after species. As research material the three European hardwood species maple, 
ash and beech were chosen. 
 
g. Review of EN 338 characteristic (perpendicular to grain compression) strength and 
stiffness as well as density values for European beech, ash and maple wood [Original title: 
Überprüfung der in DIN EN 338 angegeben (Querdruck-)Festigkeits- und 
Steifigkeitseigenschaften sowie Rohdichten für Buchen-, Eschen- und Ahornholz]  
This conference paper summarizes the current and former situation concerning characteristic strength, 
stiffness and density calculation values of hardwood construction timber. As example, perpendicular to 
grain compression strength testing of construction timber has been performed in accordance with 
EN 408 (2012). The test set-up as well as the results are discussed critically and are put in relation to design 






3.1 Hardwoods in construction – challenges along the production and utilization 
chain (A) 
Figure 5 lists the research issues to be addressed, when developing or optimizing the production chain of 
hardwood glulam. For other products, which are produced on the bases of sawn wood, the production chains 
are similar. Only single elements might be different or do not occur. 
 
 
Figure 5: Production chain of glulam. 
 
In the course of this dissertation, so-called “bottle-necks” along the production and utilization chain of 
hardwood building products have been identified to find explanations, why hardwoods are not used in 
construction. The findings are summarized in Figure 6. 
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Figure 6: Underlying factors of the low use of hardwoods in construction. 
 
The production chain starts with raw material availability. At the beginning of the 21st century, central 
European softwood prices were rising, and for the near future the industry predicted a resource shortage of 
especially spruce round wood. That is why research projects started evaluating the suitability of mainly 
beech wood as construction material (Frühwald et al. 2003; Blaß et al. 2005; Blaß and Frese 2006; 
Frese 2006). At the same time an increased use of wood for energy production was favored by political 
incentives – here mainly beech wood (Seintsch and Weimar 2012). Thus, the price gap between soft- and 
hardwoods did not rise as predicted. Now, softwood (mainly spruce) raw material supply shortages are 
compensated by deliveries from eastern European countries, Russia and Scandinavia. Nonetheless, for both 
hard- and softwoods, the European price development of round wood for sawn wood production is estimated 
to be positive until 2030 by Kollert and Lebedys (2012). According to their predictions, hardwood prices 
will rise faster than softwood prices (annual increment 3.3 % compared to 2.9 %). The prices of the 
low-quality assortments (for fiber production) will rise even faster (4.6 - 4.8 %). These low quality and low 
diameter hardwood assortments are the ones, which are at present under discussion for a use in construction. 
The higher quality assortments are too costly for and application in load bearing structures, where they have 
to compete with softwood prices.  Comparing price estimates for 2030 for high quality softwood round 
wood (for sawn lumber) with that for low quality hardwood round wood (for fiber production), the price 
difference is marginal (softwood: 82 €/m³, hardwood 79 €/m³). These figures raise doubts about a wide 
spread substitution of softwoods by hardwoods in load bearing structures – an aspiration of many national 
and Europe-wide political and scientific initiatives. Regardless of the price, the low-quality assortments of 
rare hardwood species (not oak or beech) like ash, maple, birch, lime, etc. do normally not find their way to 
a sawmill. Although the ALH and ALN species (Table 2) do mostly not occur in pure stands, German 
forestry officials report local abundance of them. Due to missing assortments for these species or a lack of 
communication between forest owners, these trees either remain in stands or are sold as industrial round 
wood or energy wood together with other species. As described in the introduction, at least for Germany all 
WEHAM scenarios predict a rise in hardwood stocks in the next 35 years – especially in the ALH and ALN 
species (Federal Ministry of Food and Agriculture 2016). Therefore, it will be a major task of forest politics 




While softwood sawmills are supplied with their raw material all year round, hardwood sawmills do mostly 
not get their raw material in the summer season, what makes logistics more difficult. Sawing of hardwoods 
is due to the mostly higher density slower and therefore costlier. Special hardwoods also present other 
challenges – e.g. ash, which dulls saw blades very fast. In general, machining of hardwoods means a higher 
machine wear and often has to be performed slower. Due to the often disadvantageous round wood geometry 
(bowing, ovality, etc.), sawing yield is in most cases lower than in softwood mills (paper b). Most hardwood 
sawmills do not follow a yield maximization approach but produce in accordance with received sawn wood 
orders. Here clear final product definitions and the subsequent optimization of the sawing process for each 
product separately would raise the yield and consequently would reduce the price of the final product. One 
example of such a positive development presents the grade sawing method for the production of defined 
final products performed by the ‘Pollmeier Massivholz GmbH & Co. KG’ since the early 1990s. Other 
Central German sawmills have adapted this method lately (Abalon Hardwood Hessen GmbH, Georg 
Fehrensen GmbH), because it produces higher volume yields than cant sawing or live 
sawing (Torno et al. 2013). Such developments lead to sawn wood price reductions and work towards the 
application of hardwoods in new products – e.g. construction. 
Drying presents a further cost driving factor. Drying rates of hardwoods are in most cases slower than of 
softwoods – drying times are mostly a multiple. Oak wood is especially difficult to dry. As example, while 
in a conventional drying kiln 52 mm spruce boards can be dried to 8 % moisture content in approximately 
ten days, it takes over 30 days to dry beech boards and over 90 days to dry oak. Here, superheated steam or 
vacuum drying might be viable alternatives for some species to reduce drying times and thus capital 
commitment. 
As the papers b and c stress, strength grading of hardwoods needs to be optimized in order to raise recovery 
rates. Next to strength grading itself, the strength characteristics of European hardwoods vary greatly 
between the different species. Also, the ratios between different strength characteristics (bending, tension, 
compression, parallel and perpendicular to grain), but also between strength and MOE or density are not the 
same between the different hardwood species. These ratios have to be evaluated to use the wood to its full 
static potential. Knowledge concerning design specifications is also scarce. For example, the long-term 
behavior of the different hardwood species under different climate conditions is mostly not known. Only 
for beech glulam a study from Jiang (2016) proves the high susceptibility of beech glulam to delamination, 
which has to be considered, when designing a building. Other fields with knowledge gaps are crack 
propagation, failure modes and displacement rates. The consequence is a design code, which is far from 
being optimized for the use of hardwoods, which therefore are not used to their full potential respectively 
material is wasted due to unnecessary over-dimensioning. 
Gluing (surface and finger joint) is a key technology in producing high quality finger jointed construction 
timber, glulam or CLT. The gluing of beech wood for glulam has been studied by a series of 
authors (Aicher and Reinhardt 2007; Ohnesorge et al. 2010; Schmidt et al. 2010; Jiang 2016) in the last ten 
years. Still, the gluing of beech lamellas to glulam (in accordance with DIBt 2014a) is very costly due to 
long assembly times (up to 70 minutes) and comparatively long pressing times of up to 24 hours. Thus, the 
producer has to provide expensive temporary storage capacities. Other hardwood species are far less 
researched concerning gluing. Also, some species contain extractives, which make gluing difficult. 




The above-listed challenges along the production and utilization chain of hardwood construction products 
are numerous and may lead to the conclusion that hardwoods are not suited for such an application. Their 
suitability as elements of load bearing structures depends on many technological and economic factors, 
which can change over time. This means that a special assortment might not be suitable respectively 
economic as load bearing element in a building structure at present but can be in the future due to changes 
in the market situation. As example, the company ‘Hasslacher Norica Timber’ (Austria) is planning to 
produce birch glulam and CLT. The input birch wood is a co-product of exploiting a spruce wood concession 
in Russia. Hitherto, the birch wood was left on site. After evaluating the mechanical properties of the 
material, the company started sawing the birch wood and brought ETAs on the way. Suddenly, also birch 
wood from areas in north-east Germany, where birch trees are mixed into pine stands, is being discussed as 
construction wood alternative. 
3.2 Related papers (B) 
In the center of the flowchart of Figure 6 stands the fact that production processes are far from being 
optimized for hardwoods. The papers of this thesis focus on the “bottle-neck” strength grading and 
connected strength properties and design implications. They aim to provide useful data to overcome some 
of the hurdles named in Figure 6. Furthermore, they are aimed to help decision makers evaluate the true 
potential of single hardwood species or assortments. 
 
a. Visual and machine strength grading characteristics of six European hardwoods 
This paper provides information on the strength grading characteristics of six European hardwood species. 
Market available dried sawn wood assortments served as research material. Lamellas with a cross section 
of 100 x 30 mm² and lengths up to 3 meters were strength graded visually according to DIN 4074-5 (2008). 
Additionally, the dynamic Modulus of Elasticity (MOEdyn) and the density were determined. 
Yield wise, the investigated samples of the species ash, maple and oak seem best suited for an application 
in load bearing applications. They show the highest proportion of very good quality boards (LS13), i.e. low 
number of big knots and pith. Excluding the criterion pith from sorting raises ash and maple yield values 
even further and also points out birch to be interesting, when it comes to visual grading yield. Beech and 
lime wood show very big knots. In lime wood, also inbark is abundant, for which sizes are very difficult to 
determine. Further research needs to evaluate the strength profiles of these species. Especially, the influence 
of pith on strength and stiffness needs to be evaluated. A use of pith containing boards in the final product 
would raise final yield values considerably. For the species lime, ash and beech, the suitability for 
construction use has to be evaluated by further studies via integrating more factors than sorting 
characteristics. Lime wood shows an unfavorable strength class distribution and is only available locally in 
small quantities, which makes it not suitable for an application. Ash wood shows a favorable strength class 
distribution, but it is expected that the ash dieback disease will diminish the species availability heavily. 
The studied beech wood shows an unfavorable strength class distribution, but the wide-spread availability 
of beech wood speaks for an application. 
In the future, it will be important to evaluate all factors influencing the economic feasibility of the use of 
the studied hardwood species in load bearing applications. Here, the resource availability plays a very 




species (Federal Ministry of Food and Agriculture 2014). Maple, ash, birch and lime trees do mostly not 
occur in pure stands, but are mixed in. Due to missing assortments for these rare species or a lack of 
communication between forest owners, these trees either remain in stands or are sold as industrial round 
wood or energy wood together with other species. Most of these trees do not find their way into sawmills. 
Their use in construction can only be economically viable, when special forest utilization and logistics 
solutions can ensure a constant supply. It is advisable to repeat the presented study for these supplied round 
wood assortments to investigate their suitability as load bearing elements. Another economically feasible 
option of raw material provision presents the commercialization of co-products – the use of side-products 
of high quality products production as construction material instead of using them for energy production. 
 
b. Analysis of economic feasibility of ash and maple lamella production for glued laminated 
timber 
In this study, the volume yields of the production of glulam lamellas from low quality and low dimension 
ash and maple log sections are investigated. For this purpose, 15.8 m³ of maple (81 log sections) and 14.3 m³ 
of ash (79 log sections) were harvested from natural forest stands (mixed beech forests) in central Germany 
and were turned into dry-dressed lumber (unsorted lamellas) with state of the art technologies. The resulting 
board volumes amount for only 20.9 % (maple) and 18.2 % (ash) of the original log volumes. The most 
waste (relative) is produced in the production step “presorting & planing” (maple: 56 %; ash: 60 %), since 
here a high percentage of the boards had to be sorted out due to bowing. By trimming these boards to shorter 
lengths, the waste of this production step could be reduced considerably. In addition, the sawing of the 
boards produced in both cases around 50 % waste. Nonetheless, with an adjusted sawing technology, this 
waste can be reduced – e.g. through shorter log sections and optimized machine combinations. It is also 
advisable to define a minimum input log diameter, since the lower the log diameter is, the lower the volume 
yield of milling gets. Another approach to a raised final volume and value yield is the diversification of final 
products. Thus, as an example, glulam lamellas could be produced as low-quality co-product from the 
production of high quality lumber for furniture production. 
Strength grading of lamellas lowers final volume yields even further. When grading the lamellas according 
to DIN 4074-5 (2008), final volume yields of 12.7 % for maple and 9.1 % for ash are attained. One way of 
raising the final volume and also value yield, could be the adjustment of the sorting (grading) scheme. For 
example, by excluding the criterion “pith” from sorting, final yield values of 20.6 % (maple) and 
18.2 % (ash) can be achieved. Generally, it is advisable to combine visual and machine sorting to an 
assortment and species adjusted combined grading, which is optimized after the criteria “desired tensile 
strength and stiffness” but also “yield”. Kovryga et al. (2019, paper c of this dissertation) is attempting this. 
Resulting total yields, when applying the optimized grading of Kovryga et al. (2019) to this study´s lamellas, 
lie between 17.0 % (ash) and 17.8 % (maple). This yield is considerably lower than that typically obtained 
for softwood glulam lamellas. Factors like the higher attainable tensile strength, if compared to 30 N/mm² 
possible for softwoods (EN 338 2016), and the appealing appearance of hardwood glulam may make up for 
the yield disadvantages. In general, the economic feasibility of hardwood glulam is influenced by a series 




c. Visual and machine strength grading of European ash and maple for glulam application 
The mechanical properties of graded boards are analysed for visual and combined visual grading methods. 
Visual grading in accordance with the German visual grading standard DIN 4074-5 (2008) produces 
characteristic tensile strength of as high as 28 MPa for ash and 30 MPa for maple. By combining the visual 
and machine strength grading, in a manner Frese and Blaß (2007) did, higher mechanical values can be 
achieved. For ash, characteristic tensile strength of 62 MPa and for maple 42 MPa are possible.  
The obtained mechanical property values for visually graded lamellas are in good agreement with material 
profiles proposed by Kovryga et al. (2016). These profiles reflect static Modulus of Elasticity (MOEstat) 
values better compared to the profiles of the softwood T-Classes for the highest grades of visually and 
combined graded boards. However, for visually graded timber of lower grades (e.g. LS10) and machine 
graded timber, the real MOEstat seems to be underestimated by the material profiles. For classes with 
characteristic tensile strengths below 28 MPa the MOEstat design value could be increased. For a definite 
conclusion, values for other wood species should be analyzed. 
The parameter “pith” has a low impact on the tensile properties parallel to grain. Rejecting the pith leads 
only to higher strength classes, when aiming for a characteristic strength of over 54 MPa. For classes with 
lower property values allowing pith increases the yields. The pith in boards used for glulam beams should 
be allowed, if the desired mechanical properties of the final product glulam remain unaffected. This has to 
be evaluated, though. 
The use of the “edge knot” criterion does not affect the tensile properties of the boards in a meaningful way. 
Thus, the criterion can be excluded from grading of boards loaded in tension. 
Finally, the potential of fully automated grading systems using a combination of MOEdyn and X-ray knot 
detection is studied. With the prediction accuracy (R²) of 0.576 for ash and 0.533 for maple, an increase 
compared to the prediction on the basis of only MOEdyn (ash: 0.270; maple: 0.288) can be reported. The 
machine grading allows grading hardwood timber to higher classes and with higher yields compared to the 
visual grading. Nevertheless, the performance of machine grading is below the one of the combined grading, 
as lower yields – especially for grading to classes with superior characteristic property values (> 50 MPa 
for ash) – are achieved. For grading to DT38/DT34, machine grading appears attractive. Further research is 
required in order to adapt existing or introduce new technologies to grading of hardwoods. 
 
d. Comparison of three systems for automatic grain angle determination on European 
hardwood for construction use 
In this study the three systems tracheid effect, microwave measurement and electrical field strength 
measurement are tesed for their applicability for grain angle determination on hardwood boards. Findings 
of previous studies, that all three systems are applicable on spruce boards, are confirmed. The reference 
method splitting, which was used in this study, contains sources of errors – especially in knot areas. 
Therefore, to evaluate the functionality of a machine measurement system for grain angle determination, 
mainly the analysis of knotless areas is helpful. A different reference system would raise the informative 
value of such a study substantially. 
No system is found, which shows satisfactory correlations for all six selected hardwood species. Ash shows 
no correlation at all (with all three systems), while on lime only the tracheid effect shows a high R² 




correlation (0.66). For birch wood, the correlation is the highest, when using the tracheid effect, although 
the value is with 0.51 low. It is expected that with rather simple algorithm adjustments, R² will rise 
considerably. The system utilizing the tracheid effect is not applicable for oak (R² = 0.2). For oak, the 
electrical field strength system and the microwave measurement system present true alternatives (R² = 0.80 
and 0.73).  For maple, the system using the tracheid effect and the microwave system are characterized by 
high coefficients of determination (R² = 0.81 and 0.88). 
In summary, high R² values (> 0.60) reported in this study indicate a high suitability of a system for machine 
grain angle determination. In contrast, low values do not necessarily mean that the system is not suitable for 
grain angle determination on this species. A mix of distorting factors (scanning depth, reference method, 
quality difference in specimens) might lead to a low coefficient of determination. 
 
e. Effect of size and geometry on strength values and MOE of selected hardwood species 
This paper aims to provide data for a review of EN 338 (2010) design values. Furthermore, the size effect 
and the modes of failure for the different mechanical tests are evaluated. For each test (compression, bending 
and tensile strength testing parallel to grain) three specimen sizes are compared – Real size, F5 and Standard. 
The Real size specimens had a cross-section of 100 x 30 mm² and were produced in accordance with 
EN 408 (2012). The F5 specimens had the same aspect ratio as the Real size specimens, but the size was 
reduced by the factor 5. Additionally, the German standard specimens for testing little, error-free wood 
specimens were tested (DIN 52185 1976; DIN 52186 1978; DIN 52188 1979). All specimens were 
error-free. 
Regarding the compression strength values, lime achieves the lowest mean values with 38.48 N/mm². The 
highest strength is achieved by Real size birch specimens (mean 61.15 N/mm²). The strength values inside 
the groups vary only to small extend (standard deviation 1.67 - 7.25 N/mm²). The standard deviations 
between the different specimen sizes and species also show small variation. Concerning the size effect, one 
objective of this study is to evaluate, if the two different lengths (longitudinal direction) of the standard 
specimens (according to DIN 52185 1976 30 mm and 60 mm) produce different strength results. This is not 
the case. Comparing all four different sizes, for maple, birch and ash the specimen dimensions do not 
influence the values. For beech, oak and lime, it is observed that compression strength increases as specimen 
volume is increased. This is contradictory to Weibull´s (1939) theory, which states that with increasing 
volume the strength decreases. The mode of failure is also affected by the specimen dimensions. In 
Standard3 and Standard6 specimens the predominating failure mode is the formation of compression 
wrinkles due to buckling of fibers. Here the lime specimens show a completely different behavior. At the 
bottom and top of these specimens a bulge is formed. This difference in failure mode is not observed in Real 
size and F5 specimens. Here buckling of the entire specimen with subsequent formation of strong 
compression wrinkles is the typical reaction of the specimen to compression stress. 
The bending strength values of beech are in most cases superior to that of the other species, whereas lime 
normally shows the lowest values. In contrast to that the F5 lime specimens have the highest bending 
strength of all the F5 specimens with a mean value of 111.14 N/mm². This is due to a drastically higher raw 
density in this group (mean 0.72 g/cm³). The standard deviation in most groups is small. Regarding the size 
effect, for all species the bending strength decreases as the specimen’s dimensions are increased. The failure 
mode of the Standard specimens and the F5 specimens is similar for all species. Like explained in 
Madsen (1992), typically the upper part of the specimen experiences compression stress in the compression 
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zone, to which it reacts quite ductile with wrinkles (i.e. failure), before the lower side under tension fails 
suddenly with a weak formation of a typical T-break. This presents a mixed mode of failure between tension 
perpendicular and parallel to grain. The Real size specimens show the same sequence of events. It has to be 
stated, though, that here clear differences in the failure modes of the different species can be found. While 
ash and beech show tension failure similar to that of the Standard specimens (weak to pronounced T-break 
in tension zone), oak and maple fails very brittle, mostly breaking into many little pieces. Lime and birch 
form very pronounced wrinkles in the compression zone (buckling of fibers), before the tension zone fails 
quite ductile. The more stress is applied, the littler fiber bundles are torn apart, resulting in many scattered 
little T-breaks.  
Tensile strength values vary greatly. The mean values range from 39.45 N/mm² (lime Real size) to 
160.50 N/mm² (birch Standard). In general, birch and beech Standard specimens attain the highest strength 
values. In this study, a clear statement of the effect of specimen size on tensile strength is not possible. For 
that a number of explanations can be listed. First, this is due to the drastic differences in selected specimen 
shapes (Standard versus Real size and F5). Second, testing set-ups of Real size and F5 specimen testing was 
not optimal (see failure mode description below). Third, the production of the bone-shaped Standard 
specimen is very likely to influence the strength values, due to cutting into the fibers, when routering the 
taper. Concerning the failure mode, the Standard specimens fail very brittle in the center of the specimens. 
The simple board shape of the F5 and Real size specimens in most cases leads to fracture in the clamping 
area. Based on these findings, the test set-up for Real size specimens proposed by Blaß et al. (2005) should 
be employed with special care. Only when a certain knot size (or any other wood debilitating characteristic) 
is exceeded, interpretation of the results makes sense. Below that characteristic knot size the obtained 
strength values originate from the fracture induced in the clamping area. 
Regarding the static moduli of elasticity (MOEstat), for compression and bending testing, it is observed that 
for all species the specimen dimensions do not influence MOE values. Literature normally lists the bending 
MOE. Regarding the tensile MOE, statistical analysis detects a size effect for almost all species. Whether 
the MOE differences are due to a real size effect or rather caused by differences in specimen shapes and 
differing distances between the elongation measuring points and the force introduction area cannot be 
answered conclusively by this study. Here also further research is needed with adjusted specimen sizes, 
shapes and machine set-ups. 
This paper focuses on defect-free specimens. Therefore, the results must be interpreted with special care. 
Nonetheless, it gives useful data for the evaluation of design values of EN 338 (2010), the test set-ups 
defined in EN 408 (2012) and the development of hardwood adapted design specifications for 
Eurocode 5 (EN 1995-1-1 2010). 
 
f. Critical discussion of perpendicular to grain tension testing of structural timber – case 
study on the European hardwoods ash, beech and maple 
As Barret (1974) and Pedersen et al. (2003) describe, the load carrying capacity of a wood member, which 
a test specimen also is, is affected by many factors – mainly size, shape and stress distribution. Therefore, 
in this study two different specimen types are tested – the EN 408 (2012) standard specimen and a newly 
designed alternative. Specimen size and shape as well as force introduction are different in these two 
specimen types. In the specimen produced according to EN 408 (2012), the force introduction system is 




of a special stress distribution in the specimen. Still, resulting 5-percentile strength values are with 
approximately 4 N/mm² for beech, ash and maple wood six to seven times higher than the EN 338 (2016) 
design value for hardwoods. The newly designed, little perpendicular to grain tension test specimen and 
here especially the loading (force introduction) produces strength values that are “real” material 
characteristics. 5-percentile strength values range from 7.2 N/mm² for ash to 10.6 N/mm² for maple wood. 
Nonetheless, a need for a change of the EN 338 design value of medium-dense European hardwoods cannot 
be concluded only on the basis of the presented results. 
More important than the design value itself, though, are the implications it has on designing structures. That 
means that the specimen design, the EN 338 design value, the design standard (Eurocode rules) and the 
assortments respectively grading must be synchronized carefully. In construction situations, where 
perpendicular to grain strength is critical, the stresses, which are introduced into a wood member, need to 
be modeled prudently. Subsequently, it needs to be tested on real structures, if the applied models hold short 
and long term under different climatic conditions. According to the applied model, the EN 338 (2016) design 
value needs to be selected respectively adapted. 
The ideal perpendicular to grain tension specimen should reflect the “real” material properties and should, 
if possible, not be affected by an inhomogeneous stress distribution. Therefore, a prismatic specimen with 
axial clamping is suited better for strength determination on construction timber than the current EN 408 
(2012) specimen with glued on metal plates. What also speaks for a substitution is the simple design and 
the easy production of such a specimen.  
Perpendicular to grain tension stiffness is several times higher in this study than EN 338 (2016) design 
values. Both type of specimens tested in this study allow measurements of static moduli of elasticity. 
According to Eurocode 5 (EN 1995-1-1 2010), the compression stiffness is important for building design. 
Tension stiffness is only important for modeling purposes, for which this paper provides useful data. 
 
g. Review of EN 338 characteristic (perpendicular to grain compression) strength and 
stiffness as well as density values for European beech, ash and maple wood [Original title: 
Überprüfung der in DIN EN 338 angegeben (Querdruck-)Festigkeits- und 
Steifigkeitseigenschaften sowie Rohdichten für Buchen-, Eschen- und Ahornholz] 
The experiments of this study were carried out in accordance with EN 408 (2012). The majority of resulting 
perpendicular to grain compression strength values lie beneath the at that time valid EN 338 (2010) design 
values. The current versions of EN 384 (2016) and EN 338 (2016) consider this and for medium-dense 
European hardwoods state lower characteristic values – 𝑓𝑐,90,𝑘 = 0,010𝜌𝑘 (EN 384 2016). This paper also 
suggests an adjustment of EN 408 (2012) failure definition for ring-porous wood species like ash and oak 
and also states that it will be helpful for the design of a building to give information about deformation 
followed by a certain stress level (stress-strain-relationship). The mean MOEstat values are below standard 
and literature values. The reasons are investigated at present. Faulty strain measurements cannot be excluded 
with absolute certainty. Furthermore, the size effect in compression testing  perpendicular to grain is 




4 Sampling in structural timber testing 
4.1 Definitions and standard specifications 
Like in any other biological statistics, also in structural timber testing sampling heavily influences the 
resulting characteristic values. The tested “sample” has to be representative for the “population”, which is 
being analyzed. For statisticians, a “population” is a group of measurements, for which conclusions are to 
be drawn. Often “populations” are so large that measuring all its elements is unfeasible. Thus, only a sub-set 
of measurements – a “sample” – is taken. For this “sample” to be representative for the entire “population” 
and to subsequently reach valid conclusions, it has to be obtained in a “random” fashion. This means that 
each member of the “population” has to have an equal and independent chance to be selected (Zar 2010). 
For structural timber, a “population” can be all the boards attainable from all the trees growing in the world. 
It is clear that this “population” is too large for a feasible characterization. By defining the “population” 
with, for instance, wood species selection, round wood origin, round wood diameter range, sawing pattern 
and others, the “population” size is reduced. Still, measuring all of the elements of the “population” – in this 
case boards – is unfeasible. Thus, a “random sample” can be drawn, which then is representative for the 
“defined population”. 
Even if a structural timber “population” is well-defined, structural timber is a building material, which is 
characterized by a high “variability” in strength properties. For example, in paper c ash glulam 
lamellas (“sample”) show a tension strength range from 10 N/mm² to 150 N/mm². As described in 
section 1.3 (Figure 4), via strength grading – i.e. sorting after strength influencing characteristics – the 
“variability” is minimized. Subsequently, the “variability” in each strength grading class (“sub-sample”) is 
lower than in the total “sample”. This is shown by lower “coefficients of variation” (CV). Graduated 
characteristic tensile strength values for each class are the consequence. 
For structural timber, bending strength and stiffness as well as density “variability” need to be minimized. 
For glulam, the tension properties parallel to grain as well as the density are target characteristics for 
homogenization. EN 338 (2016) gives the characteristic strength, stiffness and density values respectively 
the allowable working stresses for each strength class. Here bending strength classes are optimized for an 
application of the wood member in an upright position under bending load. This system exists for soft- and 
hardwoods. The most recent version of EN 338 (2016) also gives tension strength classes and the 
corresponding characteristics. This enables the producer of glulam to make optimal use of the resource 
softwood by using an optimized grading scheme (Ridley-Ellis et al. 2016).  
EN 14358 (2016) postulates that the term “population” must be clearly defined, when testing structural 
timber, fasteners and wood composites.  EN 384 (2016) lists potential defining parameters, which can be, 
for example, information on sawmill, round wood diameter, country (origin) or silvicultural practice. 
According to EN 384 (2016), the tested “sample” has to be representative for the entire “population”, i.e. 
all factors (known and suspected) influencing the distribution of mechanical properties have to be 
determined for the “population” and a “sample” with a comparable characteristics (factors) distribution has 
to be tested to determine characteristic mechanical properties. Via strength grading, a “sample” of a defined 
origin is divided into “sub-samples”. EN 384 (2016) states a minimum “sample size” of 40 specimens for 
determining the characteristic values for a visual strength grading “sample”. The more different “sub-
samples” are being characterized, the higher the characteristic values are at the end, because strength 




The American standard ASTM D2915 (2017) states that a “population […] may range from the products 
produced at a specific manufacturing site to all the products produced in a particular grade from a particular 
geographic area, during some specified interval of time”. However, ASTM D2915 (2017) also emphasizes 
the importance of the “interests/requirements of the user” for sampling as well as analysis and use of the 
results. For any biostatistical analysis, it is of upmost importance to synchronize sampling and subsequent 
statistical analysis. 
According to EN 384 (2016), “specimens” for determining perpendicular to grain strengths and shear 
strength have to be error-free. This is mainly due to the limited specimen size. This leads to the fact that the 
distributions of parameters that influence the mechanical properties perpendicular to grain and the shear 
strength (cracks, knots, fiber deviations, etc.) are not to be considered. Thus, the resulting “sample” (sum of 
specimens) is not representative for the structural timber “population”. This has to be considered, when 
using test results in modeling or building design. 
For European softwood structural timber, typical “populations” are well-known – i.e. a certain sawmill only 
sources round wood from a specific origin, always uses the same sawing pattern and separates logs after 
diameters. A sample drawn from the structural timber of this specific sawmill meets the requirement made 
by EN 384 (2016), EN 14358 (2016) as well as ASTM D2915 (2017). Since European hardwoods are not 
used intensively in construction, they are also not produced as structural timber and not traded. Therefore, 
for hardwoods a typical “population” is at present not definable. Studies analyzing the strength-related 
properties of hardwoods are thus characterized by a limited significance – i.e. the drawn conclusions are not 
representative. Ensuring reproducibility of parameters (factors influencing mechanical properties) and 
results (mechanical properties) raises significance. This can be realized by clearly defining test “samples”. 
Blaß et al. (2005) created the basis for the production of beech glulam after the German technical building 
approval DIBt (2014a). Here the grading parameter distributions were determined for 350 beech boards. 
Correlations between grading parameters and tension and compression characteristics parallel to grain were 
determined via destructive testing. This served to generate a calculation model to predict the load bearing 
capacity of beech glulam of different dimensions and comprised of different sorting classes. Here, the 
so-called “Karlsruher Modell”, which was developed in the 1980s for modeling the load carrying capacity 
of spruce glulam, was applied and adapted. For this study, as “population” definition it was specified that 
highest quality (cabinet makers quality) is to be excluded on grounds of cost. Still, the tested “sample”, 
which had a size of 350 beech boards, was a high quality. This led to the specification made by the German 
technical building approval DIBt (2014a) to only apply boards graded into the visual strength grading 
classes LS10 and better for beech glulam. This – next to other factors – leads to high price beech glulam. 
The “population” of the study is reproducible in the sense of EN 384 (2016) and ASTM D2915 (2017). 
From an economic point of view, though, it is not optimized. At present, joint research focusses on finding 
such “ideal populations” for low value hardwoods, which are economically optimized. In cooperation with 
the sawmill ‘Fehrensen GmbH’ (Germany), only boards produced from heart planks from grade sawing 
medium diameter beech round wood (compare with Torno et al. 2013) are being characterized and 
subsequently bending strength, MOE and density are determined. The heart planks of grade sawing are the 
lowest quality and thus also lowest price “sample” available at the sawmill, which is being produced 
constantly with the same quality and for which detailed information on round wood origin is available. 
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4.2 Sampling in publications 
a. Visual and machine strength grading characteristics of six European hardwoods 
Paper a characterizes boards (glulam lamellas) of six native hardwood species (ash, beech, birch, maple, 
oak, lime) originating from low to medium quality and low to medium dimension logs via visual (according 
to DIN 4074-5 2008) and machine (MOEdyn and density) strength grading.  Since these wood species are 
not commercially available as strength graded structural timber, the “population” respectively the selected 
“sample” was only defined with the phrase “market available”. Another “sample” of market available dried 
sawn wood of one species is very likely to show different characteristics distributions. In addition, between 
the sampled wood species of paper a, the round wood diameter, the round wood quality, the sawing pattern 
as well as drying was different. Thus, making comparisons between the different species is not advised. 
Paper a can only show trends – like that in lime wood inbark is a very common characteristic. The 
discussion of this paper makes clear that a high reproducibility of characteristics – e.g. sorting parameters – 
is one adequate definition for an “ideal population”, which fulfills the requirements of EN 384 (2016), 
EN 14358 (2016) as well as ASTM D2915 (2017). 
 
b. Analysis of economic feasibility of ash and maple lamella production for glued laminated 
timber 
The papers b and c use – in part – the same test material (“sample”) to answer questions about conversion 
efficiency and determine the characteristic tension strength of the production of glulam lamellas from low 
dimension ash and maple trees. At the beginning of the design of the test set-up stood the idea that the term 
“population” in structural timber testing is only a theoretical consideration, because its true nature cannot 
be known until all trees of a species are sawn and tested. Thus – as described above – a suitable raw material 
must be well defined. Any hardwood species can be turned into structural timber and subsequently used in 
construction. As a commercial product, the structural timber or glulam will only be applicable, when it can 
compete with the existing alternatives – mainly spruce structural timber (with and without finger joints) and 
glulam. For this reason, a low-cost round wood assortment was chosen for determining the conversion 
efficiency and characteristic strength values. Here, the “sub-samples” for strength grading (two origins and 
three different dimension) were predefined – each with the same size (number of boards). This was 
necessary to reduce the effect of the strength modification factors (kn) on the final characteristic strength 
value – i.e. for maximizing the characteristic strength (paper c). It had a negative effect on the final volume 
yields of paper b, though, what makes the product more expensive. Nonetheless, the holistic approach of 
linking the final characteristic material properties of strength classes to suitable raw material (round wood) 
and the conversion efficiency is consistently following EN 384 (2016) specifications for sampling. The 
material tested (“sample”) is representative for a possible low-cost structural timber 
alternative (“population”) to softwood products. 
 
c. Visual and machine strength grading of European ash and maple for glulam application 
Paper c analyzes the potential of European grown ash and maple for glulam lamellas with regard to different 
grading techniques – visual strength grading, combined visual and machine strength grading and machine 




suitable for glulam production. For each wood species, the study compares timber from different origins. 
These “sub-samples” show characteristic visual and mechanical properties. The target property tensile 
strength shows for all “sub-samples” high “coefficients of variation” (measure of variability) of over 45 %. 
To minimize this high “variability” in strength, the study divides the original “sample” and also the “sub-
samples” into strength grading classes with significantly lower “coefficients of variation”. Overall, the study 
meticulously follows European harmonized standard specifications for sampling, testing and data 
processing to be able to integrate the attained results into European standards. 
 
d. Comparison of three systems for automatic grain angle determination on European 
hardwood for construction use 
Paper d evaluates the applicability of three different machine grain angle determination systems for their 
possible use on hardwood structural timber. Therefore, the measured grain angles were compared to a 
reference grain angle attained by splitting the wood. Pretests showed a very high “variability” in angle 
differences, which was mostly attributable to special wood characteristics like knots and grain angles. To 
raise the significance of the attained results, for this study, the statistics tool “stratified sampling” was 
chosen, which is commonly used in forest inventory. With “stratification”, an original “population” is 
partitioned into sub-groups respectively “strata”, with defined characteristics – here certain knot sizes and 
grain angles. This leads to a minimized within-group “variability” on the expense of the “variability” 
between the groups (Maniatis und Mollicone 2010). For each group (“stratum”), “systematic sampling” was 
carried out. In general, this procedure was successful, although for future studies the “strata” definitions 
need to be adjusted. The “strata” 3 and 4 did not give reasonable results for answering the desired questions. 
A further division of the “strata” into “sub-strata” – i.e. finer definition of knot sizes, knot characteristics or 
3-dimesional information on grain angles – could have led to results with a higher informative value for 
each of the four “strata”. “Stratification” leads to a considerable decrease in “sample size”, but knowledge 
about the “population” is needed before designing the experimental set-up in order to find suitable “strata” 
definitions. 
 
e. Effect of size and geometry on strength values and MOE of selected hardwood species 
Paper e aims to provide data on the highest strength and MOE values attainable with hardwood structural 
timber. Therefore, the “samples” consisted only of error-free specimens. Thus, the “sample” was not 
representative for a possible structural timber “population”. Nonetheless, this “sample” was selected, 
because (specimen) size effects for parallel to grain testing of wood were also to be evaluated. Paper e 
shows that next to the “sample size” (number of tested specimens) and the definition of sample 
characteristics, the experimental set-up has a major influence on the final values. Parallel to grain tension 
testing of 800 mm long Real size specimens (cross section: 100 x 30 mm²) did not give conclusive size 
effect insights. Also, the “sample size” (number of tested specimens) for each species was with ten 
specimens rather low, which also complicated interpretation of results.  
Many studies determining relationships between wooden structures, design stresses and material strength 
and stiffness show low “sample sizes” due to the high costs of testing. Evaluating, for example, the behavior 
of a newly developed glulam beam under different stresses, only via empirical testing is not 
feasible (Blaß et al. 2005). The factors influencing the behavior are numerous. Therefore, the behavior is 
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often modeled. Like explained above, for any modeling of this type, knowledge about the distribution of 
material characteristics in the wood product on the one side as well as knowledge about the stresses resulting 
from the design on the other side is needed. This knowledge has to be gathered in order to develop a model 
that successfully stands up to empirical verification. In the case of the above-mentioned “Karlsruher 
Modell”, this meant determining the typical respectively representative wood characteristics distribution on 
glulam lamellas and calculating correlations between these wood characteristics and stiffness and strength 
values. With this knowledge, the model simulates a possible glulam beam and via finite element modeling 
calculates the bending behavior respectively load carrying capacity of the glulam beam. For verification of 
the modeling/calculation results, only a low number of glulam beams (“sample”) needs to be tested. 
For testing little error-free specimens – as also performed for paper e – a “sample size” of around 40 for 
each group (species, specimen geometry, mechanical test) is typical. EN 384 (2016) also states this number 
for testing structural timber. The standard also gives the possibility to determine characteristic values for 
tropical hardwood construction timber by testing little, error-free specimens – a procedure, which in general 
has to be seen critical. Therefore, the standard states a series of conditions, which have to be met, when this 
procedure is applied. These conditions imply deep knowledge about the strength influencing factors. 
Additionally, a fixed reduction factor reduces final characteristic values, what is supposed to take account 
of any other unknown uncertainty. 
By providing data on the upper boundary values attainable for the six tested hardwood species, paper e also 
gives a trend on the attainable strength values, when homogenization through further processing is 
applied – i.e. production of glulam or cross-laminated timber (CLT) from boards or laminated veneer 
lumber (LVL) from veneers. 
 
f. Critical discussion of perpendicular to grain tension testing of structural timber – case 
study on the European hardwoods ash, beech and maple 
Paper f provides perpendicular to grain tension strength and stiffness values for beech, ash and maple 
structural timber. It compares the values attained with the EN 408 (2012) specimens to those produced by 
a newly designed specimen.  
The specimen cutting scheme (“axially assigned”; see Figure 2 of paper f) led to a raised comparability of 
results, because for big and little specimens material with a similar density distribution was compared. The 
EN 384 (2016) requirements for perpendicular to grain tension specimens to be error-free lead to the fact 
that the distributions of other parameters that influence the mechanical properties perpendicular to grain 
(cracks, knots, fiber deviations, etc.) are not to be considered. When sorting parameters are not part of the 
procedure of determining characteristic values, their influence on the load carrying capacity needs to be 
addressed in the design code. For example, cracks originating from drying or occurring during service life 
have severe effects on tension strength perpendicular to grain as well as shear strength and their 
corresponding moduli of elasticity. Most literatures only consider short-term loading. Aicher and 
Dill-Langer (1999) evaluate the long-term behavior of spruce solid wood and report no duration of load 
(DOL) effect at constant climate conditions (20°C; 65 % RH). Changes in environmental conditions, 
though, have a big effect on cracking and therefore the final strength and stiffness under short- and long-
term loading. Aicher et al. (1998) analyze this matter for spruce glulam and make suggestions for an 
incorporation of their findings into the design code. As technical solution they propose surface coating to 




accumulated time of loading (kmod) in service class 2 to the range 0.5 – 0.6 or applying a system, which 
combines the design stresses from mechanical loads with climate changes. Comparable studies for 
hardwoods are missing so far but are very important for their applicability in construction. As proposed by 
Aicher et al. (1998) for spruce glulam, the results of such tests on hardwoods should not be considered by 
adapting EN 338 design values. They should rather be integrated into the design code (Eurocode 5) by 
incorporating the found dependencies in reduction factors or other models.  
Micro-cracks also occur during the process of drying green lumber. They also influence perpendicular to 
grain tension properties heavily. This characteristic, though, cannot be quantified reliably. Thus, it can also 
not be included in sampling respectively sorting. This matter also has to be integrated into the design code. 
 
g. Review of EN 338 (perpendicular to grain compression) characteristic strength, stiffness 
and density values for European beech, ash and maple wood [Original title: Überprüfung 
der in DIN EN 338 angegeben (Querdruck-) Festigkeits- und Steifigkeitseigenschaften 
sowie Rohdichten für Buchen-, Eschen- und Ahornholz] 
Paper g analyzes the perpendicular to grain compression strength of European hardwoods and proposes a 
reduction of EN 338 (2010) design values. In the current version of EN 338 (2016), this value is set lower.   
In this study, the “sample sizes” per species lay around 90 specimens, which on first examination seems 
unnecessarily high. This high number of specimens per “sample” was chosen, though, because each 
“sample” was divided into “sub-samples” after testing. Comparable to tension perpendicular to grain, annual 
ring orientation has – amongst other factor – a high influence on compression stiffness and strength 
perpendicular to grain. This is owed to the cylindrical orthotropic structure of wood. Thus, for each species 
the original “sample” was divided into three “sub-samples” following the annual ring orientation in the 
failure zone. The bigger the wood member gets or the more homogenization through further processing the 
wood experiences, the more this influence of annual ring orientation on strength and stiffness is 
superimposed by other factors. In that case, the “sample” can be smaller again or new “sub-samples” can 
be created, which requires deeper knowledge on the strength and stiffness reducing properties of the new 
product. For hardwoods, the influence of wood characteristics like knots, cracks and fiber deviations on 
perpendicular to grain tension and compression properties as well as shear properties has not been 
investigated systematically. Research results only refer to error-free specimens. Thus, EN 338 (2016) design 
values as well as the design code do not reflect the true properties of European hardwoods concerning these 
characteristics. Technical building approvals do also not show representative characteristic values and 





At present, hardwoods are very little used in construction. This is due to technological and economical 
factors. Knowledge about strength characteristics of hardwood structural timber as well as strength grading 
of the timber is scarce – compared to softwood timber. Gluing of beech wood has been investigated 
scientifically, but practical solutions, which are suitable for an industrial production, have not been found 
so far. Other species have not been investigated at all. Next to the low final product yields, heavy machine 
wear, higher drying costs and rising round wood prices for hardwoods are hindering factors for an inclusion 
of more hardwoods into building structures. Research efforts of the last 10 - 15 years have tried to eliminate 
knowledge gaps in single links of the production and utilization chain of hardwood structural timber and 
glulam. The continued availability of spruce wood from eastern and northern Europe and Russia as well as 
little interest of the industry in hardwood product developments has kept spruce (respectively softwood) 
solid wood building product (solid wood, finger jointed solid wood, glulam, CLT) prices stable – contrary 
to former forecasts. Thus, the hardwood use in construction did not rise considerably in the last ten years. 
The overarching aim of all papers of this dissertation was to provide data, which would contribute to a raised 
use of hardwoods in construction.  Therefore, single research issues were identified, research set-ups were 
developed and the results were compressed into seven publications. These publications aimed to answer 
pressing questions in the production and utilization chain of hardwood solid wood construction products. 
Comparing the value (grading) yield of producing glulam lamellas from low value round wood, amongst 
the six investigated hardwood species ash, beech, birch, maple, oak and lime, the species ash, maple and 
oak were identified to be best suited for an application. Excluding pith from strength grading could raise 
yield values considerably and would also bring up birch wood as interesting alternative. In that case, the 
influence of pith on strength and stiffness characteristics of the final products needs to be investigated 
further. Some publications focusing on hardwoods have already shown that pith has a significant influence 
on the bending strength of structural timber and the perpendicular to grain tension strength of glulam. On 
the parallel to grain tension strength of structural timber it has almost no influence.  In general, the low yield 
in the production of strength graded hardwood lamellas is a very critical part of the production chain, which 
needs to be optimized. Adjusted cutting patterns as well as log lengths would raise the yield. In addition, a 
strength grading system, which is adjusted to the end use of the product can raise yield values and help 
lower the production costs. For ash and maple lamellas, strength grading results are linked to volume yield 
and value yield (characteristic strength values). Three grades resulting in three board tensile strength classes 
based on destructive tension testing are proposed. The resulting final yield is considerably higher than when 
grading the lamellas according to DIN 4074-5 (2008). 
The grain angle (slope of grain) is an important grading criterion affecting strength grading and finger joint 
strength. Up to date, no machine strength grading system was available on the market, which could securely 
determine hardwood grain angles. This dissertation proves that for the species beech, birch, maple, oak and 
lime an automatic grain angle determination is possible, while for ash no functioning system is found. 
Furthermore, bending, compression and tension strength data derived from testing different size specimens 
is provided. This data is to help with the development of a hardwood adjusted design code in order to use 
the full potential of the hardwood products. Clear size effects independent of the species are only identified 
for parallel to grain bending strength. More sophisticated research set-ups that test larger data sets need to 
be developed to answer size effect questions. Perpendicular to grain compression testing of ash, beech and 




EN 384 (2016) are consistent. Tests on the same species show that the perpendicular to grain tension 
strength design value can be raised. More important than raising the value, though, is a synchronization of 
the design value with the design standard (Eurocode 5), since perpendicular to grain tensile strength of 
timber products depends on a series of wood intrinsic and environmental factors. 
Future research initiatives by public and private entities are needed to close further knowledge gaps in the 
field of the utilization of hardwoods in construction. Without developments respectively improvements, a 
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